The recruitment of T lymphocytes to lymphoid organs or sites of inflammation is a crucial step in adaptive immunity. These processes require endothelial activation and expression of adhesion molecules, including E-and P-selectins, intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1). However, the complete characterization of the adhesion strength and dynamics between lymphocytes and endothelial cells has been hampered by the lack of sensitive quantitative techniques. Here we report on the application of atomic force microscopy to characterize the interaction between Individual pairs of living T lymphocytes (i.e., Jurkat cells) and human umbilical vein endothelial cells (HUVECs). The detachment of individual cell-cell conjugates was a complex process Involving several step-like rupture events and the viscoelastic deformation of cells on the scale of several microns. Adhesion between Jurkat cells and activated endothelial cells Increased with compression force and contact time, with the most dramatic changes occurring within the first half second of contact. After 0.25 sec of contact, E-selectln, ICAM-1, and VCAM-1 contributed to 18%, 39%, and 41% of total adhesion strength, respectively, suggesting that ICAM-1 and VCAM-1 contributed more than the selectlns In supporting cell attachment. Exp Bioi Med 231: [1306][1307][1308][1309][1310][1311][1312]2006 
Introduction
T lymphocytes are one of the key players in the adaptive immune system. They serve a variety of functions including the identification of specific foreign antigens in the body, and the activation and deactivation of other immune cells (1) . Recruitment of lymphocytes from peripheral blood into sites of inflammation or infection supports both the clearance of viral pathogens and the development of many immune system disorders, including asthma, lupus, and rheumatoid arthritis. The first step in this recruitment is the arrest of circulating lymphocytes in microvasculature of the inflamed tissue (2) . This process is initiated by the interaction between lymphocytes and vascular endothelial cells via engagement of different sets of cell adhesion molecules (3, 4) . When tissues are exposed to an inflammatory stimulus such as cytokines, local endothelial cells will upregulate their expression of P-and E-selectins and integrin ligands, including intercellular adhesion molecule-l (ICAM-l), and vascular cell adhesion molecule-l (VCAM-l) (5) . Circulating lymphocytes entering the inflamed tissue are captured by the endothelium via interactions mediated by L-selectin expressed on lymphocytes, or by P-and E-selectins expressed on endothelial cells. Subsequent rolling of the captured lymphocytes along the endothelial layer enables lymphocytes to survey the endothelial surface for chemotactic signals. When appropriate signals are encountered, lymphocyte surface integrins are activated and bind tightly to their endothelial ligands. These interactions allow the lymphocyte to slow down and transmigrate across the endothelial layer (6, 7) .
T-cell-endothelial interactions have been widely studied. A number of experimental approaches have been employed to characterize the events leading up to extravasation. Early applications include static adhesion assays, parallel plate flow chambers, and Boyden chemotaxis assay (8) . Recent advancement in two-photon intravital microscopy further revealed in greater detail the interaction between T cells and the endothelium in vivo (8) (9) (10) .
However, there are only limited studies carried out that provide quantitative measurements of the forces that support the interactions between these two cell types. In this work, we have adapted the atomic force microscope (AFM) (11, 12) to assess the adhesion dynamics of the T-cellendothelial interaction.
Materials and Methods
Cell Culture. The human T-leukemic cell line Jurkat E6-1 was obtained from ATCC (Manassas, VA) and maintained in RPMI 1640 medium (Gibco BRL, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 50 U/ml penicillin, and 50 ug/ml streptomycin in 5% CO 2 at 37°C. Human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex (Walkersville, MD) and cultured in endothelial cell basal medium (EBM-2) supplemented with 2% FBS, hydrocortisone, human fibroblast growth factor (hFGF), vascular endothelial growth factor (VEGF), insulin-like growth factor-l (lGF-1), ascorbic acid, human epidermal growth factor (hEGF), Gentamicin-Amphotericin, and heparin. HUVECs were plated on 35-mm tissue culture dishes (Becton Dickinson, Franklin Lakes, NJ) and were used between passages 5 and 7. To mimic an activated endothelium, HUVECs were stimulated by the proinflammatory cytokine tumor necrosis factor-ex (TNF-ex) for 6 hrs prior to force measurements.
Proteins and Other Reagents. Human TNF-ex and function-blocking antibodies BBIG-E4 (anti-E-selectin), BBIG-ll (anti-ICAM-l), and AF809 (anti-VCAM-1) were purchased from R&D Systems (Minneapolis, MN). In function-blocking experiments HUVECs were incubated with inhibitory antibodies (50 l!g/ml each) for 30 min prior to the force measurements. All other reagents were purchased from Sigma (St. Louis, MO). T-cell Adhesion Measured by Atomic Force Microscopy. The experimental apparatus used to measure cell adhesion is schematically illustrated in Figure 1A (13) . HUVECs were plated on standard 35-mm tissue culture dishes while a single Jurkat cell was coupled to the end of the AFM cantilever ( Fig. 1B ). Atomic force microscopy was used to control the relative position of the interacting cells via expansion or contraction of the piezoelectric translator (P-841; Physik Instrumente, Waldbronn, Germany), The force acting between the cells was derived from the deflection of the AFM cantilever, which was monitored by reflecting a focused laser beam off the back of the cantilever into a 2-segment photodiode. Cantilevers (MLCT-AUHW; Veeco Probes, Santa Barbara, CA) were individually calibrated by thermal fluctuation analysis according to the method of Hutter and Bechhoefer (14) and had spring constants of approximately 0.010 N/m.
The AFM force measurements were carried out with individual Jurkat cells attached to the tip of an AFM cantilever via a Concanavalin A (Con A)-mediated linkages (15) (16) (17) . The cantilevers were first incubated in 0.5 mg/ml biotinamidocaproyl-Iabeled bovine serum albumin (BSA) overnight at 3rC, then rinsed with phosphate-buffered saline (PBS) and incubated in 0.5 mg/ml streptavidin for 10 min at room temperature. Next, the cantilevers were incubated in 0.5 mg/ml biotinylated Con A. With the aid of an optical magnification system situated below the AFM, the tip of the Con A-functionalized cantilever was positioned above the center of a cell and gently lowered onto the cell for approximately 1 sec to attach the cell to the cantilever (Fig. 1B) . To obtain an estimate of the strength of the cell--cantilever linkage, we allowed the attached cell to interact with a tissue culture dish coated with Con A for 1 min. Upon retraction of the cantilever, separation always (N > 20) occurred between the cell and the Con A--coated surface. The average force needed to induce separation was >2 oN, which was at least twice as large as the detachment forces recorded in this study « 1 oN).
Measurements of Iymphocyte-endothelial cell interaction were conducted at 25°C in phenol red-free RPM! 1640 medium (Gibco BRL, Carlsbad, CA) containing 10 mM Hepes. At the onset of the measurements the Jurkat cell, coupled to the AFM cantilever, was positioned directly above the center of an isolated HUVEC in a Petri dish seeded with HUVECs to approximately 20% confluency. Hence, the acquired AFM measurements were derived from interaction between the centers of the two cell bodies. Figure 2A , AFM measurements of the interaction between an individual Jurkat cell and a HUVEC involves a series of four steps. First, the cantilever with an attached Jurkat cell is lowered onto a HUVEC. At a certain point contact is made, allowing for cell-cell interaction to take place. The cantilever is subsequently retracted via the contraction of the piezoelectric translator, pulling the Jurkat-HUVEC pair apart until complete separation of the 2 cells is achieved. During this process, the AFM continuously monitors the deflection of the cantilever in order to report on the interaction between the Jurkat cell and the HUVEC.
Results

Measurement of Cell Adhesion by AFM. As illustrated in
A typical AFM force-displacement record of the interaction between a Jurkat cell and a TNF-cx-activated HUVEC is presented in the top trace of Figure 2B . In this figure, the y axis plots the cell-cell interaction force as a function of the relative distance between the base of the cantilever and sample (i.e., the HUVEC). At the beginning of the force measurement, when the Jurkat cell is several microns above the HUVEC, there was no strain on the cantilever. At this position. which is marked by a dashed line in the upper trace of Figure 2B , the force was zero.
Expansion of the piezoelectric translator lowered the Jurkat cell onto the HUVEC. Following cell-cell contact, further expansion of the translator pressed the Jurkat cell against the HUVEC. The compression force felt by the cells was determined from the upward deflection of the cantilever. For the measurements shown in Figure 2B , the predefined limit of the compression force was set at 500 pN. Once this force value was reached the expansion of the translator ceased. This compression force was held for a predefined cell-cell contact time (0.25 sec) before the translator contracted to initiate cell-cell separation. Upon retraction of the cantilever, molecular linkages established between the cells pulled the cantilever downward, as illustrated in Figure 2A . The cell detachment process typically involved a series of rupture events, as indicated in the top trace of Figure 2B . Each of these rupture events resulted in a rapid jump in force and may correspond to the unbinding of one or more adhesive ligand-receptor bonds. The magnitudes of the force transitions were between 30 and 100 pN, which are consistent with the reported unbinding forces of individual selectin and integrin bonds (18) (19) (20) . Complete separation between the two cells did not occur until they were stretched by more than 5 urn in many measurements. By contrast, the interaction between a Jurkat cell and an unstimulated HUVEC ( Fig. 2B , middle trace) showed significantly fewer bond-rupturing events than the interaction of a Jurkat cell and a TNF-cx-activated HUVEC (top trace).
Relative Contributions of Integrins and Selectins to Cell Adhesion. To quantify the adhesive strength of the interacting cells. we measured the work done by the cantilever to separate the cells (16) . As indicated by the shaded area in the top trace of Fig. 2B , the work of deadhesion is derived from integrating the adhesive force over the distance traveled by the cantilever up to the point of the last bond rupture. Unlike the maximal stretching force, which only reflects the force component of the detachment process, the work of de-adhesion accounts for both the work done to break the molecular linkages and the work done to stretch the cells. It is noteworthy to indicate that the work of de-adhesion does not directly reflect the adhesion energy of the cell. It includes all the dissipated energy of the detachment process and the viscoelastic deformation of the cell. Therefore, the work of de-adhesion can be many times larger than the actual adhesion energy of an adherent cell. On average the work of de-adhesion required to separate a Jurkat cell pressed against (500-pN compression force) an activated HUVEC for 250 msec was about 1 X 10-15 J. By contrast, a substantial reduction in the binding of a Jurkat cell to a TNF-a-activated HUVEC was observed following the addition of a cocktail of function-blocking antibodies to E-selectin, VCAM-l, and ICAM-l (compare Fig. 2B , top and bottom traces) to the level observed for the interaction between a Jurkat cell and an unstimulated HUVEC. Together, these observations demonstrate that the expression of E-selectin, ICAM-l, and VCAM-l were upregulated in the TNF-a-activated HUVEC and accounted for the majority of the enhanced adhesion to the Jurkat cells.
To more precisely define the relative contributions of the different types of adhesion molecules expressed on the HUVEC surface in supporting lymphocyte adhesion, the inhibition potency of the function-blocking antibodies was examined separately. Figure 3 shows the average work of de-adhesion measured from more than 15 cell-cell pairs. The addition of blocking antibodies to E-selectins, ICAM-l, or VCAM-l alone induced a partial but significant (P < 0.05) inhibition of adhesion between Jurkat cells and TNFa-activated HUVECs (Fig. 3) . While anti-E-selectin antibodies led to an 18% inhibition of work of de-adhesion, both anti-ICAM-l and anti-VCAM-l antibodies inhibited Jurkat cell adhesion by 39% and 41%, respectively. A cocktail of all three antibodies resulted in an 80% reduction in cell adhesion. Figure 4A , an increase in compression force from 200 to 800 pN elevated the adhesion of Jurkat cells to both unstimulated HUVECs and TNF-a-activated HUVECs. This trend can largely be attributed to the increase in contact surface as the two elastic cells were pressed against each other. A larger contact surface allowed for greater interaction between the opposing cells. Moreover, adhesion between a Jurkat cell and an activated HUVEC increased after prolonging the duration of contact (Fig. 4B ). However, after treatment with three blocking antibodies to E-selectin, ICAM-l, and VCAM-l, adhesion seemed to reach a plateau after 2 sees of contact. Additional prolonging of contact time did not further enhance adhesion. This result strongly suggests that the enhanced adhesion following prolonged cell-to-cell contact is due to the engagement of adhesion molecules E-selectin, ICAM-l, and/or VCAM-l to their respective receptors.
Dependence of Adhesion on Cell Compression and Contact Duration. As shown in
Discussion
T-lymphocyte adhesion to vascular endothelium is the prerequisite for transendothelial migration, a crucial step in the development of many immune diseases, including rheumatoid arthritis and psoriasis. In this work, we employed the AFM to characterize the interaction of a Jurkat cell and an activated HUVEC as a model system for interaction between a T cell and the endothelium in vivo. The Jurkat T-cell line was derived from Epstein Barr virusnegative, non-Hodgkin's lymphoblastic leukemia (21) and has been widely used to study T-cell adhesion, as most native adhesion molecules and related signaling pathways remained functional in this cell line (22, 23) . A TNF-aactivated HUVEC is often used as an in vitro model of the inflamed endothelium (5, 24) . Whereas previous AFM studies employed single molecule measurements to investigate the dynamic strength of a specific cell adhesion molecule (17, 18, 25) , the current study examined how different populations of cell adhesion molecules come together to stabilize the T-cell-endothelial interaction. The experimental parameters used in our measurements were intended to mimic conditions encountered during the initial contact between T cells and the endothelium. separation of the attached cells does not occur via the simultaneous breakage of the intercellular linkages. In fact, the AFM measurements indicate that there is a sequential breakage of the individual bonds, as the average force transition in the force scans is 70 pN (SD, 20 pN). These force values are within the range of the unitary unbinding force of selectin-and integrin-mediated bonds (18, 19, 26) .
To assess whether there is greater cooperativity in the unbinding of the intercellular linkages when more linkages were formed, we compared the magnitude and number of force transitions derived from measurements acquired using 200 and 800 pN of compression force (Fig. 5 ). We found no significant differences in the magnitude of the force transition, suggesting that there is no cooperative unbinding of intercellular linkages. However, the number of force transition increased 3.4-fold, from an average of 5 at 200 pN to 17 at 800 pN of compression force. This increase is consistent with the expected change in the contact surface as a result of the increase in compression force. Our observation that the intercellular bonds were severed in a sequential fashion implies that the pulling force generated by the AFM may not distribute evenly among the bonds. Figure 6A illustrates one possible model of how a Jurkat cell detaches from a HUVEC. As previously proposed by Bell (27) , the pulling force is initially resisted by the bonds at the periphery of the zone of cell-cell contact, whereas the bonds close to the center are unstrained. Increasing the pulling force stretches the cell and applies greater strain on the peripheral bonds, until they The error bar is the standard error with N > 10 in each case.
Cell-cell contact time (sec)
Jurkat cell radius of 5 urn and a Young's modulus of 0.5 kPa, we estimate the cell-cell contact areas to be from 5 to IS Jlm 2 for the compression forces applied in our study. This estimate of the contact areas is in good agreement with our measurements of the contact area formed by T cells using reflection interference contrast microscopy.' Under these conditions, the number of ligand-receptor bonds formed during cell-cell contact was in the range of 3 to 20, as determined from the number of force transitions in the AFM force scan measurements. Our AFM measurements recorded the tension generated to break the intercellular linkages that hold the interacting cells together as they are being pulled apart by the AFM. From these measurements, we were able to gain some important insight into the dynamics of the cell adhesion process. To begin with, it is clearly evident that the eventually break. The breakage of these bonds reduces the zone of cell-cell contact, thus permitting greater deformation of the cells. As the cantilever continues to retract, pulling the cells further apart, the process continues until the last bond is severed.
The AFM measurements revealed that the cells undergo gross viscoelastic deformation on the scale of several microns during the cell-cell de-adhesion process. This viscous deformation is frequently observed beyond 3 microns. However, in many 'cases, long elongations are not necessarily accompanied by an increase in pulling force (Fig. 2B, top trace) . Thus, it is conceivable that the observed cell deformation can be attributed to a localized viscoelastic deformation of the cell membrane, such as the formation of membrane tethers (28) . Figure 6B illustrates a second possible model of T-cell detachment. In this model, instead of undergoing global cellular deformation, tethers are extruded from cell membranes due to the stretch of cell surface receptors. Since the Jurkat cell membrane is at least one order of magnitude softer than that of the HUVECs,2 tethers are expected to be extruded mainly from Jurkat cells. These tethers equally sense the force, regardless of whether they are located in the center or at the periphery. As 2 Zhang and Moy, unpublished results separation continues, intercellular bonds are ruptured in a random manner within the contact zone, until a complete separation is achieved. Future experiments will verify which of the two proposed models more closely resembles our experimental system.
Our measurements also revealed that cell adhesion is dependent on the duration of cell-cell contact. In experiments in which the contact time was varied from 0.02 sec to 10 sees we found that adhesion increased dramatically within the first 0.5 sec of contact before proceeding to a second phase, where adhesion increased more gradually (Fig. 4B ). We propose that the first phase stems from the interaction of adhesion molecules within the region of cellcell contact. The adhesive interaction achieved in this initial phase might be sufficient to establish firm cell adhesion. The second, slower phase, which further stabilizes the cell-cell conjugate, can be attributed to the slow redistribution and lateral movement of adhesion receptors initially outside of the contact area.
We elected to concentrate on measurements acquired with a compression force of 500 pN and a contact time of 250 msec. Under these conditions the number of molecular bonds between the Jurkat cell and the HUVEC is about 10, a sufficient number to arrest the rolling cell (27) . Moreover, Figure 4B reveals that a 250-msec contact time was sufficient to complete the initial rapid rise in adhesion.
Under these conditions our force measurements revealed that the endothelial surface adhesion molecules E-selectin, ICAM-l, and VCAM-l contributed to 18%,39%, and 41% of total adhesive strength, respectively, between a Jurkat cell and an activated HUVEC, confirming that the Jurkat cells are more dependent on integrins for firm adhesion to the endothelium. However, it is conceivable that this relative contribution of the adhesion molecules is cell type specific and dependent not only on the endothelial adhesion molecules but also on their receptors on lymphocyte surfaces and their activation states. In the Jurkat cell, both LFA-l (ICAM-I receptor) and VLA-4 (VCAM-l receptor) are highly expressed (confirmed by FACS, data not shown), and one would expect these integrins to be the principal mediators of cell adhesion. For other T'-cell subtypes it was reported that mucosal T cells mainly use the cx4~7 integrin to infiltrate into gut tissues (29, 30) , whereas the migration of CD8 T cells into mouse lung tissues is mediated predominately by LFA-l (31).
In conclusion, we have demonstrated a highly sensitive method to quantify the adhesive strength of lymphocyteendothelial interaction following various contact conditions. This technique is not limited to the chosen model system and can potentially be used to study a broad range of cellcell or cell-substrate interactions in various disease-oriented settings. Moreover, our characterization of the Jurkat/ HUVEC interaction is far from being complete. For example, it should also be noted that the relative contributions of the different adhesion molecules reported here are for conditions of 250 msec of contact and a compression force of 500 pN. The relative contributions of these adhesion molecules may be different under different conditions. It is likely that E-selectin plays a more prominent role than the integrin receptors at short contact duration, whereas activation of the T cells may increase the contribution of the integrin-mediated adhesion.
